We have examined the long-term durability of a La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3¹¤ (LSCF)samaria-doped ceria (SDC) composite oxygen electrode with SDC interlayer for reversible solid oxide cells (R-SOCs). A symmetrical cell with the configuration: LSCF SDC«SDC interlayer«yttria-stabilized zirconia (YSZ) electrolyte«SDC interlayer«LSCFSDC, was operated at 900°C and a constant current density of 0.5 A cm ¹2 with the top electrode as the anode (O 2 evolution). The IR-free overpotentials at both the anode and cathode were virtually constant during 5500 h of operation. The value of ohmic resistance at the anode side (R A ) increased slightly, whereas that at the cathode side (R C ) increased markedly. The IE performance of the bottom electrode (operated as the cathode), that was measured from ¹1.0 to 1.0 A cm ¹2 every 1000 h, degraded specifically at high current densities. It was found that the thickness, pore size, and porosity in both electrodes were unchanged, but the distribution of the Sr component changed markedly at both the LSCFSDC/SDC interlayer and SDC interlayer/YSZ interfaces. While the diffusion of the Sr component from the anode was limited within the SDC interlayer, the Sr component from the cathode reached the SDC interlayer/YSZ interface, which could increase the R C , likely due to the formation of SrZrO 3 . However, the diffusion rates of Sr were found to be noticeably slowed down at dense portions of the SDC interlayer. Hence, it is essential to prepare a dense, uniform SDC interlayer to improve both the durability and performance of R-SOCs.
Introduction
While the amount of renewable power generation (such as photovoltaics and wind power systems) is increasing worldwide, it cannot always match with the demand for electricity. Hydrogen is one of the promising energy carriers for long-term and largescale storage of this renewable electricity. 1),2) Among water electrolysis technologies for generating hydrogen, the highest conversion efficiency is expected for solid oxide electrolysis cells (SOECs) by use of solid electrolytes, such as yttria stabilized zirconia (YSZ), operated at high temperature. 1) For example, the standard thermodynamic decomposition voltage for water of 1.23 V at 25°C is lowered to 0.95 V at 900°C. When necessary, stored hydrogen and oxygen can be supplied to the same cell device to generate electricity as solid oxide fuel cells (SOFCs) with a high conversion efficiency. Such an electrochemical device, the so-called reversible solid oxide cell (R-SOC), can be regarded as a reciprocal direct energy converter between hydrogen and electricity.
The high operating temperature of R-SOCs also provides the great advantage of reduced overvoltage due to a favorable kinetic condition even with the use of non-noble-metal electrocatalysts. However, in turn, it induces a detrimental effect of rapid degradation of materials. Lowering the operation temperature to 600 800°C would mitigate the degradation rate, as well as the reduction of manufacturing and operating costs.
Various oxide electrode materials such as La 1¹x Sr x MnO 3 (LSM), 3) 9) and Sm 1¹x Sr xCoO 3¹¤ (SSC) 10) are commonly investigated and even used in both SOFCs and SOECs. Among them LSCF is becoming a potential candidate for the oxygen electrodes that can be operated at intermediate-temperature. Samaria-doped ceria (SDC) and gadolinia-doped ceria (GDC) were used to fabricate compositetype LSCF electrodes with increased ionic conductivity, · ion . 8), 11) However, since LSCF tends to react readily with YSZ electrolyte to produce SrZrO 3 (a high ohmic resistance phase), a thin, dense SDC or GDC interlayer has commonly been employed as a diffusion barrier. The interlayers can reduce the diffusion rate of the Sr component from LSCF towards YSZ and/or the Zr component from YSZ to LSCF during long-term operation, but the suppression is not always sufficient. So far, the effects of the thickness, porosity and composition of the interlayers on the diffusion rate of the Sr component have been reported.
12)14)
In our previous work, 15) by the use of a symmetrical cell with the configuration LSCFSDC«SDC interlayer«YSZ«SDC interlayer«LSCFSDC, we clarified the additional and essential role of a dense, uniform SDC interlayer. Our interlayers, which were prepared by spin coating of a mixed solution of cerium 2-ethylhexanoate (denoted as octoate) and samarium octoate, clearly showed enhancement of the performance of the LSCF SDC composite oxygen electrode, specifically at a reduced operation temperature of 800°C. In the present research, we examined the durability of electrodes in the symmetrical cell configuration during a long-term operation test for 5500 h at 900°C. We report an effective suppression of Sr diffusion by the SDC interlayer especially at the anode side, leading to negligible changes in the anode overpotential and ohmic resistance. The important role of a dense, uniform microstructure of the SDC interlayer on the durability is discussed.
Experimental
A symmetrical cell LSCFSDC«SDC interlayer«YSZ«SDC interlayer«LSCFSDC was prepared in the same manner as described in our previous work. 15) Here, we briefly explain the procedure. SDC interlayers were prepared on both sides of the YSZ disk by repeated spin-coating of solution of cerium and samarium octoates (Ce:Sm = 8:2, Nihon Kagaku Sangyo Co., LTD, Japan) in toluene and heat-treatment at 300°C several times. The YSZ with SDC interlayers was then heat-treated at 1050°C for 2 h. This procedure was repeated three times to form a dense SDC interlayer. A porous LSCFSDC composite electrode (40 vol % SDC) was prepared by tape-casting LSCFSDC paste onto each SDC interlayer, followed by sintering at 1050°C for 1 h. The porosity ( p) of the LSCFSDC electrode was calculated by the following equation:
where V pore , V LSCF-SDC , and V total are the volume of the pore, (LSCF+SDC), and the total one (V total = V pore + V LSCF-SDC ), respectively. The value of V LSCF-SDC was calculated as m/µ, in which m is the mass of the electrode (m) and µ is the density of the LSCF-SDC (6.69 g cm ¹3 at LCSF:SDC = 60:40 vol.%). The value of V total was the product of the electrode area (A, 0.28 cm 2 ) and the thickness L (ca. 30¯m), evaluated by SEM observation of the electrode layer prepared in the same manner. Thus, we determined the porosity of the electrode to be ca. 60%.
The construction of the cell test was the same as that in our previous paper. 15) As the air reference electrode (ARE), a Pt wire was wrapped around the outer edge of the YSZ electrolyte disk and fixed with Pt paste. A gold mesh was attached to each LSCF-SDC electrode as a current collector. Pure oxygen gas at ambient pressure with a flow rate of 30 cm 3 min ¹1 was supplied to both electrodes.
The steady-state IR-free polarization characteristics (IE curves) of the LSCFSDC electrodes were measured by the current-interruption method in a three electrode configuration at the cell temperature T cell = 900°C. Long-term operation of the cell was carried out at T cell = 900°C and a constant current density ( j) of 0.5 A cm ¹2 with the top electrode as the anode (O 2 evolution). During 5500 h of operation, IE curves and ohmic resistances were measured every 1000 h. Post-test analyses were carried out by using SEM (SU-9000, Hitachi High-Technologies Co. Japan) equipped with an energy-dispersive X-ray spectrometer (EDX, Genesis 4000, CDU detector, Ametek Inc., USA) and X-ray diffractometer (XRD, Rigaku Ultima IV, Japan).
Results and discussion

Changes in performance of the LSCF-SDC
electrodes during a long-term operation , respectively. Figure 2 shows the time courses of the anodic overpotential (© A ), cathodic overpotential (© C ), R A and R C during operation at T cell = 900°C and a constant j = 0.5 A cm ¹2 . It was found that the values of © A and © C were virtually constant over the entire operation time of 5500 h. The value of R A increased slightly, whereas the value of R C increased somewhat markedly. The degradation rate of R C was nearly constant (68.6 m³ cm 2 kh
¹1
) up to 3500 h and slowed down (30.3 m³ cm 2 kh
) from t = 3500 to 5500 h.
In order to examine how the electrode performances changed during operation, IR-free IE curves at both electrodes were measured every 1000 h. As shown in Fig. 3 , little change in the IE performance of the top electrode (operated as the anode) was observed over the whole current density range examined (from ¹1.0 to 1.0 A cm
¹2
). For example, the values of j at © = 0.05 V on the top electrode were ¹0.90 A cm ¹2 at t = 0 and ¹0.92 
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A cm ¹2 at t = 5500 h, and that at © = ¹0.05 V little changed from 0.86 A cm ¹2 (t = 0) to 0.82 A cm ¹2 (t = 5500 h). On the other hand, the IE performance of the bottom electrode (operated as the cathode) degraded specifically at high current densities. The value of j at © = 0.05 V on the bottom electrode decreased from ¹0.88 A cm ¹2 (t = 0) to ¹0.58 A cm ¹2 (t = 5500 h), and a similar extent of degradation was observed at © = ¹0.05 V (from 0.85 to 0.50 A cm ¹2 ). Figure 4 shows XRD patterns of the pristine electrode together with the top electrode and bottom electrode after 5500 h of operation. All the diffraction peaks of the three samples unequivocally corresponded to the LSCF, SDC, and YSZ phases. It has been reported so far that SrZrO 3 or La 2 Zr 2 O 7 formed by solid state reaction between YSZ and LSCF after operation at high temperatures. 12)14) Considering the high operating temperature and the length of the experiment, no such reaction phases or other unfavorable phases were detected for use of XRD, even when zooming in on the patterns in Fig. 4 .
Analyses of the degradation of the LSCF-SDC electrodes
Next, the microstructures of these electrodes were observed by SEM. Typical images are shown in Fig. 5 . Figure 5 (a) corresponds to the typical microstructure of an electrode in pristine condition, while Figs. 5(b) and 5(c) correspond to the microstructures of electrodes operated for 5500 h. The thicknesses of all the electrodes were nearly identical at ca. 30¯m, irrespective of the anodic or cathodic operation. Micropores of a few¯m in size were uniformly distributed in all the electrodes and the average porosity based on Eq. (1) was calculated to be ca. 60%. It was also observed that all samples adhered well to the SDC interlayer, i.e., no delamination was observed. Thus, the microstructures, at least on the¯m-scale, were unchanged in both the top and bottom electrodes at T cell = 900°C operated for 5500 h.
We examined changes in the elemental distribution by EDX at the regions close to the interlayer, with special emphasis on understanding mass transport across the LSCFSDC electrode/ SDC interlayer and SDC interlayer/YSZ electrolyte interfaces ( Fig. 6 and Fig. S1 in the supplemental information) . For the pristine electrode (sintered at 1050°C for 1 h), uniform distribution of representative elements such as Sr and Fe was observed only in the LSCFSDC composite electrode layer, i.e., negligible diffusion of Sr and Fe components into the SDC interlayer or YSZ electrolyte during fabrication. This situation is very different from those reported so far, in which the Sr component had already diffused into the ceria-based interlayer, probably due to higher fabrication temperatures. 16) Depending upon the anodic and cathodic polarization for 5500 h, the distribution of the Sr component was found to change markedly. On the anode side, the Sr component penetrated across and along the SDC interlayer. A layer-like distribution of Sr in the interlayer could be ascribed to rapid diffusion along the sublayer of the SDC (layer-by-layer sintering, as described in the experimental section). More importantly, however, the presence of Sr was limited within the interlayer. In contrast, on the cathode side, the Sr component reached the interface between the SDC interlayer and YSZ electrolyte.
In order to examine the elemental distribution of Sr, Ce, and Zr at the LSCFSDC electrode/SDC interlayer/YSZ electrolyte interface in detail, we carried out EDX line analysis. Two line profiles are shown for each electrode in Fig. 7 , where the signal intensity of Sr is magnified by 10 times. After the anodic operation, the Sr component penetrated into the SDC interlayer, due to a diffusion (by a simple concentration gradient) and an ionic migration of Sr 2+ cations moving in the direction of the applied electric field from the anode to the cathode. Some humps in the Sr intensity were observed along line A1. Along line A2, however, the concentration of Sr decreased nearly linearly with increasing the distance from the LSCFSDC/SDC interface. It was found that such a specific enrichment in Sr dominantly occurred at grain boundaries or voids in the SDC interlayer. This is consistent with a report that Sr components were diffused dominantly via grain boundaries. 13) It has been reported for LSCF anode operated in SOEC that the performance degradation was ascribed to an increase in ohmic resistance due to a formation of SrZrO 3 at the YSZ interface and delamination of the electrode.
17) 19) As described in the previous section, because the performance of the anode (top electrode) was nearly unchanged and the increase in ohmic resistance R A was very small (see Fig. 2 ), the present SDC interlayer acted as an effective barrier against diffusion of the Sr component, at least for 5500 h at 900°C.
In contrast, after the cathodic operation, the Sr enrichment was observed along the SDC interlayer/YSZ interface. The concentration of Sr was much larger close to a dip (or void) in the SDC interlayer (line C2) than that observed along line C1 (also see Fig. S2 ). This suggests that the Sr component could be enriched in a dip or void in the SDC interlayer, followed by rapid diffusion along the SDC interlayer/YSZ interface. Therefore, the significant increase in R C shown in Fig. 2 is reasonably explained by the formation of SrZrO 3 . It has been reported that the diffusion of Sr from LSCF was triggered by a partial decomposition of LSCF at low oxygen partial pressure caused by the cathodic polarization in an SOFC mode. 20) Wang et al. reported a segregation of the Zr component to form SrZrO 3 at the LSCF/GDC interface when the cells were prepared at high temperatures (1200°C). 13) In the present work, however, no such diffusion of the Zr component was observed for both the anode and the cathode, probably due to slower Zr diffusion at 900°C.
Here, it is recognized that the degradation of the LSCFSDC/ SDC interlayer/YSZ electrolyte in the cathode operation was more serious than in the case of the anode operation. As shown in Fig. 7 and Fig. S2 , however, even in the cathode operation, the diffusion of Sr into YSZ was mitigated by dense portions of the SDC interlayer. A similar phenomenon was observed for the anode side. Hence, it is very essential to prepare a dense, uniform SDC interlayer to improve the durability, as well as the performance, 15) of R-SOCs.
Conclusions
By the use of a symmetrical cell: LSCFSDC«SDC interlayer« YSZ «SDC interlayer«LSCFSDC with well-defined elemental distribution (without any interdiffusion of Sr, Fe, Ce, and Zr), we have examined the durability of LSCFSDC composite oxygen electrodes with SDC interlayers under the anodic and cathodic operation of constant j = 0.5 A cm ¹2 and 900°C. During 5500 h of operation, the most marked change was an increase in the ohmic resistance on the cathode side (R C ), while the IR-free overpotentials at the anode and cathode and the ohmic resistance on the anode side were nearly constant. Post-test analyses showed that the thickness, pore size, and porosity of both electrodes, as well as their good adhesion to the interlayers, were unchanged, irrespective of the anodic and cathodic polarizations. However, changes in the distribution profile of the Sr component in the LSCFSDC/SDC interlayer/YSZ region were found to depend on the polarization. The diffusion of the Sr component at the anode side was effectively suppressed within the SDC interlayer. In contrast, the Sr component from the cathode reached the YSZ surface just below the SDC interlayer, where the Sr concentration was appreciable in the vicinity of defects (dips or voids) of the SDC interlayer. It was suggested that a rapid diffusion of Sr over the YSZ surface could form SrZrO 3 , leading to the increase in R C . However, such diffusion rates of Sr at both the anode and cathode side were found to be mitigated at dense portions of the SDC interlayer. Hence, the formation of a dense, uniform SDC interlayer and a decrease in the sintering temperature of all components are very important to obtain high durability with high performance in RSOCs.
